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ABSTRACT:

Model systems are developed and investigated to better understand the effect of polyether-
metal ion interactions on gas separation characteristics. These systems help answer current
questions raised by the substantial body of research on metal-organic frameworks (MOFs)
dispersed in polyethers to improve gas separation performance, where favorable interactions
between the metal centers and polyethers are preferred to improve interfacial compatibility.
Specifically, we investigate CO2/gas transport properties of supramolecular networks comprising
cross-linked poly(ethylene oxide) (XLPEQ) and dissociable salts, including LiClO4, Ni(BF4)2, and
Cu(BF4)2. Increasing the salt content increases the glass transition temperature (73) and generally
decreases gas diffusivity and permeability, which can be successfully described using a 7,-
integrated free volume model with an expression similar to the Vogel-Tammann-Fulcher (VTF)
equation. Surprisingly, low loadings of LiClO4 and Cu(BF4)2 (2 mass% or less) can increase gas
permeability by 30% - 70% without affecting the COz2/gas selectivity. This increase correlates with
polyether-metal ion dynamics as measured by dielectric spectroscopy. Understanding how
interaction-mediated dynamics affect gas transport will be instrumental to designing MOF-based

mixed matrix materials for gas separations.

Keywords: Matrix matrix membranes; poly(ethylene oxide), CO: separation; metal-organic

frameworks; polymer electrolytes
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1. Introduction

Polyethers have been widely explored as membrane materials for CO2/gas separation due
to their high affinity towards CO2z with quadrupole moment [1-5]. For example, poly(ethylene
oxide) (PEO)-based polymers contain polar ether oxygens interacting favorably with COz, thus
exhibiting high COz solubility and CO2/gas solubility selectivity [2, 4, 6]. Additionally, despite the
polar nature, the polyether chains have great flexibility, leading to high CO:z diffusivity and thus
permeability. For example, a cross-linked, highly branched PEO (XLPEO) prepared from 9 mass%
poly(ethylene glycol) diacrylate (PEGDA, n = 14) and 91 mass% poly(ethylene glycol) methyl
ether acrylate (PEGMEA, n = 8) exhibited CO2 permeability of 520 Barrer (1 Barrer = 107! ¢cm?
(STP) cm cm 2 s emHg ™) and CO2/N2 selectivity of 52 at 35 °C, which is on Robeson’s upper
bound [7].

To further improve separation properties, polyethers can be doped with porous inorganic
fillers with desirable pore size and porosity to form mixed matrix materials (MMMSs) [8-13]. For
example, metal-organic frameworks (MOFs) and metal-organic polyhedra (MOPs) comprising
metal ions covalently tied by organic linkers that form a cage-like microporous structure have been
widely explored because of their porous structures, large surface area, and great structural diversity
[14-17]. Specifically, introducing 20 mass% ZIF-8 nanoparticles (NPs) in PEGDA-co-PEGMEA
increased COz permeability from 330 to 840 Barrer while retaining the high CO2/light gas
selectivity [18]; incorporating 30 mass% MOP-3 with NP sizes of =5 nm in a polymer derived
from poly(1,3 dioxolane) acrylate (PDXLA) increased CO:2 permeability from 190 to 580 Barrer
[19]. Compared with MMMs with void formation between the fillers and polymers [12, 19, 20],
the polyethers can strongly interact with metal ions of the MOFs and MOPs and then achieve

excellent interfacial compatibility [8, 21, 22]. For example, incorporation of 70 mass% UiO66 in
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poly(ethylene glycol) (PEG) increased Young’s Modulus from 133 to 284 MPa by ~114%,
indicating a strong interaction between UiO66 and PEG [21].

While the high porosity of the porous fillers is intuitively credited for the increase in gas
permeability in the MMMs, an understanding of the effects of the polymer-metal ion interaction
on gas transport properties is lacking. Polymer-metal ion interactions have been tailored to design
supramolecular polymer networks and are expected to influence morphology and gas transport
properties [23]. Moreover, metal ions (such as Cu®") have been demonstrated to interact with
amine-rich polymers to form micropores, leading to superior CO2/Nz separation properties [24].
However, it is impossible to decouple the effects of the porosity of the fillers and the polymer-
metal ion interactions on the gas transport properties in these MMMs. For this reason, we designed
a material system of XLPEO and dissolved salts with metal ions commonly found in the MOFs
and MOPs (such as Cu?" and Ni?"). Coincidently, the ethylene oxide units have been demonstrated
to dissociate salts and form complexes with different metal ions [25, 26]. For example, lithium
salts such as LiClO4 can be dissolved in XLPEO as polymer electrolytes for battery applications
[27]; silver salts such as AgBF4 were dissolved in PEO and showed a strong affinity towards olefins
and thus high olefin/paraffin separation properties [28-30]. As a comparison, PEG-based materials
were also doped with ionic liquids (ILs) with similar anions, such as 1-butyl-3-methylimidazolium
tetrafluoroborate [Bmim][BF4] [31-34], which act as plasticizers, decreasing 7 and increasing gas
diffusivity [31].

In this study, three salts (LiC104, Ni(BF4)2, and Cu(BF4)2) were dissolved in an XLPEO
(PEGDA-co-PEGMEA with a PEGDA and PEGMEA mass ratio of 1:4), and the effects of metal
ions on the structure and gas transport properties are thoroughly investigated. LiC1O4 was chosen

as its effect on the polymer structure and Li-ion conductivity has been widely reported, but not gas
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transport characteristics [27]. Therefore, XLPEO/LiClO4 serves as a reference for
XLPEO/Ni(BF4)2 and XLPEO/Cu(BF4)2, which directly model some MOF-based MMMs studied
in the literature. The salts can be fully dissociated in amorphous XLPEO, increasing glass
transition temperature (7g). The effects of the salt content on gas solubility, diffusivity, and
permeability of the supramolecular networks are examined. Surprisingly, low loadings of LiClO4
and Cu(BF4)2 dramatically increase gas permeability, while a further increase in the salt content
decreases gas diffusivity and permeability. The effect of the salt content on the gas diffusivity and
permeability can be successfully described using a 7g-integrated free volume model without
adjustable parameters. Though the salts might not be safe or stable to be used for practical
membrane applications, they can provide valuable insights into the interactions of ions and

XLPEO and their impact on gas transport characteristics.

2. Experimental
2.1. Materials

PEGDA (n = 13; Mn = 700 g/mol) and PEGMEA (n = 9; Mn = 480 g/mol), and 1-
hydroxycyclohexyl phenyl ketone (HCPK) were purchased from Sigma Aldrich Corporation (St.
Louis, MO). LiCl04 and Cu(BF4)2:xH20 were received from Sigma Aldrich, and Ni(BF4)2:6H20
was procured from Thermo Fisher Scientific (Waltham, MA). The salts were kept in a dry box
before use. Gas cylinders of Hz, N2, CH4, CO2, and C2Hs (99.99%) were obtained from Airgas Inc.
(Buffalo, NY).
2.2. Preparation of supramolecular networks

To prepare supramolecular networks, prepolymer solutions were first prepared using

PEGDA, PEGMEA, HCPK (0.1 mass% relative to PEGDA and PEGMEA), and the salt in a
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solvent (i.e., acetonitrile for LiClO4 and water for Ni(BF4)2 and Cu(BF4)2). The mass ratio of
PEGDA to PEGMEA was set at 1:4. Second, the solution was sandwiched between two quartz
plates separated by spacers with a known thickness. Third, the solution was exposed to UV light
with a wavelength of 254 nm at 3.0 mW cm 2 for 5 mins for PEGDA and PEGMEA to polymerize
[7, 27]. Finally, the solid films were kept in a vacuum oven at 40 °C for 48 h before use. The film
thickness was measured using a digital micrometer (Mitutoyo Corporation, Kanagawa, JP). The
samples are labeled as XLPEQO/salt-x, where x stands for the mass% of the salt in the dried sample.
2.3. Characterization of supramolecular networks

An attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectrometer (Vertex
70, Billerica, MA) was used to investigate the degree of reaction conversion of the PEGDA and
PEGMEA and the state of the salts in XLPEO. A total of 100 scans were obtained with
wavenumbers ranging from 4000 to 400 cm ™! at a resolution of 4 cm™!. X-ray fluorescence (XRF)
analysis was used to measure the anhydrous salt content in the XLPEO/salt samples using an
Epsilon 1-549 (PANalytical B.V., Netherlands) with a 50 kV silver anode tube as the radiation
source.

An Ultima IV X-ray diffractometer (Rigaku Corporation, Tokyo, JP) with a CuKa radiation
(a wavelength of 1.54 A), operating in air at = 23 °C, was used to examine structure. Thermal
transitions were measured using Differential Scanning Calorimetry (DSC, Q2000, TA Instruments,
New Castle, DE). Two heating cycles were obtained from -90 to 60 °C at 10 °C/min in N2
atmosphere. The 7 was defined as the inflection point of the step change during the second heating
using Universal Analysis 2000 software.

The density of the samples was measured using an analytical balance equipped with a

density kit. Iso-octane was used as the auxiliary liquid with a density (pz) of 0.692 g/cm’. The
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sample density, prr (g/cm?), is calculated using Equation (1) [6, 7]:

Ma PL
Mg —Mmyp, (l)

Ppe =
where mq and my, are the mass of the sample in the air and iso-octane, respectively.

Positron annihilation lifetime spectroscopy (PALS) was used to determine the free volume
of the XLPEO/LiClO4 and XLPEO/Cu(BF4)2 samples under vacuum (1.3x1073 Pa) at 22 °C using
an EG&G Ortec (Oak Ridge, TN) fast-fast coincidence spectrometer. A minimum of five spectra
with 4.5x10°% were collected for each sample and fitted using LT-vO software with a source
correction from the Mylar encased NaCl (1.61 ns, 2.45%). Error bars are calculated based on the
population standard deviation of five experiments.

The dynamics of the XLPEO/LiClOs4 and XLPEO/Cu(BF4). were examined using
dielectric measurements. Specifically, disk-like membranes with a thickness of 0.2 mm and
diameter of 30 mm were sandwiched by two gold electrodes with a diameter of 20 mm. After that,
the sandwiched membranes were loaded onto the sample holder of a Novocontrol Concept-40
system with an Alpha-A impedance analyzer. The frequency range of the measurement is from 107
Hz to 102 Hz. A Quatro Cryosystem temperature controller was applied with a temperature
accuracy of +0.1 K. The measurements were conducted from 313 to 253 K at an interval of 10 K
and from 253 to 213 K at an interval of 5 K. A thermal annealing of 20 min was applied before
each measurement to assure the thermal equilibrium.

The complex dielectric permittivity of the films, £*(w), is analyzed through the Havriliak-

Negami (HN) function:

A&‘k Odc

e (w) =¢&'(w) —ie"(w) = e + Dk + -
[1+(inHN,k)Bk]YR Ho®

)

where £'(w) and €'’ (w) are the storage permittivity and loss permittivity, respectively. £y and €.,
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are the vacuum permittivity and the dielectric constant at infinite high frequency, respectively. w
is the angular frequency, gy, is the dc-conductivity, and Agy, Ty ., P, and ¥y are the dielectric
relaxation strength, HN relaxation time, and the shape parameters of the k' relaxation process.
The characteristic time of the k™ relaxation process of the films can then be extracted from the HN

relaxation time:

-1/B 1/
B ] k [sin ﬁkYkﬂ] k 3)
242y 242y

Tk = Tunk [sin

Pure-gas permeability of H2, CHa, N2, and CO2 was measured using a constant volume-
variable pressure apparatus at 35 °C [6, 35]. Both sides of the sample were degassed for ~14 h to
ensure the removal of water vapor. After the leak test, the sample was exposed to a feed gas at

three pressures (p2=4.4, 7.9, and 11.3 bar), which are typical to study gas transport properties [36-
38]. Gas permeability coefficient (P4) can be calculated using the following equation:

P s (i), = () @
where / and A4 are the film thickness and effective area, respectively. R is the gas constant, 7'is the
testing temperature (35 °C), and Vs is the downstream volume. The (dp./df)ss and (dpi/df)eax are
the increasing rate of the downstream pressure at the feed pressure of p> and 0, respectively. The
permeation measurement follows the order of N2, CH4, H2, and COz, and sometimes N2 was re-
tested to ensure that the samples remain intact. The tests can last 5-7 days, while the sample was
kept under vacuum or with dry gas. Gas permeability has an uncertainty of less than 10% estimated
using an error propagation analysis [39].

Pure-gas solubility was measured using a microbalance (IGA 001, Hiden Isochema,
Warrington, UK) at 35 °C and three pressures (p4 =4.5, 7.9, and 11.4 bar) [5]. About 80 mg of the

samples were used, and gas sorption (C4, cm® (STP) cm™®) was calculated from the mass change
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of the samples after reaching an equilibrium considering the buoyancy effect (cf. Equations S1 and
S2). Gas solubility (S4, cm® (STP) cm™ atm!) can be calculated using the following equation:
Sa = C4/pa (5)
Gas transport through polymeric materials follows the solution-diffusion mechanism, and
thus, gas diffusivity (D4, cm?/s) can be expressed as:
Dy = Py/S4 (6)
The gas solubility and diffusivity have an uncertainty of <10% and <14%, respectively,

estimated using the propagation analysis of error [36, 39].

3. Results and Discussion
3.1. Physical and chemical properties of supramolecular networks

Fig. la presents the schematic of the XLPEO by photopolymerization of 20 mass%
PEGDA and 80 mass% PEGMEA. Fig. 1b shows the structure of LiClO4, Ni(BF4)2, and Cu(BF4)2.
The salts appear to be dissolved in XLLPEO, as evidenced by the transparent and uniform films (cf.
Fig. 1c¢).

Table 1 compares the anhydrous salt content in XLPEO/Ni(BF4)2 calculated from the
prepolymer solutions (x, mass%) and measured using XRF (xxrr, mass%). Both values are similar,
suggesting that the water molecules in the hydrated salt were removed by dissolving in XLPEO

and drying. For convenience, the calculated x values are used for further modeling in this study.
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Figure 1. (a) Schematic of XLPEO prepared from PEGDA and PEGMEA. (b) Structure ofLiC104,

Ni(BF4)2, and Cu(BF4)2. (c) Photos ofthe XLPEO/salt films.

Table 1. Physical properties for XLPEO/Ni(BF4)2 (x, mass%) including » (molar ratio ofthe ether
oxygens to the metal ions), ppE, Tg and pure-gas permeability and selectivity at 35 °C.

X

(%0)

0

14

6.4

12

17

21

XXRF p PPE
(%) (g/em3)

0 0 1.149
- 371 1.157
7.2 77 1.208
14 39 1.251
18 26 1.301

21 20 1.345

-33

-13

3.0

N2

10

7.7

3.8

2.4

0.76

0.27

P4 (Barrer)
H)? CH4
45 33
36 25
29 11
20 6.7
75 12
34 0.37

CO2

520

400

190

90

21

59

CCh/gas selectivity

N2

52

53

51

38

28

22

H2

11

11

6.7

4.4

2.8

1.7

CH4

16

16

18

14

18

16

C2HS

6.2

9.3

12

Fig. 2a exhibits the FTIR spectra of XLPEO/Ni(BF4)2. Pure Ni(BF4)2 crystals present a

vibration peak at 1632 cm \ which disappears in the XLPEO/Ni(BF4)2, indicating the almost

complete dissociation of Ni(BF4)2. Additionally, as the salt concentration increases, the peak at

10



209

210

211

212

213

214

215

216

217

218

219

220

1096 cm-1 representing the C O bond vibration in XLPEO shifts to lower wavenumbers, which
can be ascribed to the weakened C-0 bond caused by the interaction with the cations [27, 40]. For
example, the introduction of 12 mass% and 21 mass% of Ni(BF4)2 lowers C O stretching
frequency to 1071 and 1057 cm \ respectively. On the other hand, increasing the Ni(BF4)2
concentration has a minimal effect on the C=0 stretching frequency at 1732 cm \ indicating the
absence of strong interactions between the C=0 and Ni2+ Similar behavior has been observed for
XLPEOZLiC104 (Fig. Sla of Supporting Information). Additionally, adding <4.2 mass% Cu(BF4)2
to XLPEO has an insignificant effect on the C-0 bond (Fig. Sib) because the loadings are too low
for FTIR to detect. As an example, Fig. Sic also displays the spectra of XLPEO/Ni(BF4)2 at high
wavenumbers. The appearance ofthe peaks at -3500 cm"| indicates the water sorption due to the

sorption ofthe water vapor from the atmosphere.

XLPEO/Ni(BF ) x XLPEO/Ni(BF )
Ni(BF)
x=12
x=12
XLPEO
Wavenumber (cm™) 2-Theta (°)

11
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(c) 0.88
XLPEO/Cu(BF )

XLPEOI/LiCIO

XLPEO/Ni(BF )

Salt content (mass%)

Figure 2. Comparison of (a) FTIR spectra and (b) XRD patterns for XLPEO, Ni(BF4)2,
XLPEO/Ni(BF4)2-17, and XLPEO/Ni(BF4)2-29. (c) Correlation between the PPE and salt content.
The lines are the best fit using Equation 7.

Fig. 2b displays the WAXD spectra of XLPEO/Ni(BF4)2. Pure Ni(BF4)2 exhibits sharp
peaks because of’its crystalline structure, which disappear in the polymer electrolytes, indicating
that the salt is solvated by XLPEO and becomes amorphous. XLPEO is amorphous at ~ 23 °C and
shows a broad peak at 29 of21° (corresponding to a (7-space of4.2 A). The addition of Ni(BF4)2
has a negligible effect on the (7-spacing, and similar behavior has been observed for
XLPEO/LiC104 (Figure Sic). On the other hand, higher Ni(BF4)2 loading seems to generate anew
peak at 29 of 9° (corresponding to a (7-spacing of 9.8 A), which might be due to complexes of
XLPEO with Ni2+ [41].

Fig. 2c presents the effect ofthe salt content on the density ofthe samples (pr£). The density
values are also recorded in Tables | and SI. Increasing the salt content increases the density, which

can be described using an additive model [27]:

1 _WP

- +ﬁ=i+(i_i)ws (7)
PPE Pp Ps Pp Ps PP

where pp and ps are the density of XLPEO and the dissociated amorphous salt, respectively. The

12
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wp and ws are the mass fraction of the XLPEO and salt in the supramolecular networks,
respectively. As shown in Fig. 2¢, the fitting yields a ps value of 2.10 g/cm? for amorphous LiCIO4,
2.31 g/cm® for amorphous Ni(BF4)2, and 1.93 g/cm® for amorphous Cu(BF4)2. The ps for
amorphous LiClO4 is within 5% of the value of 2.20 g/cm? previously reported [27] for amorphous
LiClO4 and is lower than the crystal density of 2.42 g/cm® (provided by Aldrich) because the
crystalline phase has a more compact structure than the amorphous phase. To the best of our
knowledge, there are no reported density values for anhydrous crystalline or dissociated
amorphous Ni(BF4)2 or Cu(BF4)2.

PALS results provide two parameters to characterize the free volume, i.e., o- Ps lifetime
(13) indicating the size of the free volume element, and intensity (/3) representing the relative
number of the free volume elements [5, 7]. The lifetimes are correlated with the radii (r, A) of the

free volume elements using the Tao-Eldrup equation:

r 1

+ —sin(

r+1.656 27

2nr
r+1.656

)1 (8)

13 = %[ 1-

The average volume of a free volume element (}) can be calculated as follows:
Ve = %m‘3 9)
As shown in Table 2, increasing the salt content decreases the /5, indicating fewer free
volume elements. The size of the free volume elements /'y and the relative fractional free volume
(Vr x15) decrease with increasing LiClO4 content, most noticeably for higher salt loading. For
example, the introduction of 9 mass% LiClO4 to XLPEO decreases the average free volume from
147 to 130 A3, Similar results have been reported in polyether-based polymers on the addition of
LiClO4[42, 43] (Fig. S2), where loadings at or below 5 mass% do not alter or sometimes increase
the average free volume element size. Similarly, low loadings of Cu(BF4): increase the size of the

free volume elements for the loading range studied (<4.2 mass%).

13



262

263
264

265

266

267

268

269

270

271

272

273

Table 2. PALS results for XLPEO/LiClO4 and XLPEO/Cu(BF4)2-x.

Free volume element size

XLPEO/salt-x 15 (%) VixlIs
75 (ns) r(A) Vi (A3)
None 21.3£0.1 2.497+0.010 3.271+0.008 147 3122
LiClOs-2 18.2+0.1 2.476+0.009 3.254+0.007 144 2621
LiClOs-9 17.2+0.1 2.340+0.012 3.146+0.010 130 2240
Cu(BF4)2-1.4 21.7£0.1 2.497+0.018 3.271+0.014 147 3181
Cu(BF4)2-2.8 21.4+£0.1 2.614+0.004 3.360+0.003 159 3401
Cu(BF4)2-4.2 21.2+0.2 2.608+0.005 3.355+0.004 158 3355

Fig. 3a,b presents the DSC thermograms of XLPEO/LiClOs and XLPEO/Ni(BF4)2,
respectively. XLPEO shows a crystallization peak at -36 °C and a melting peak at -7 °C, consistent
with the literature [7]. Interestingly, the doping of the salts eliminates the crystallization and
melting of the XLPEO. Increasing the salt loading increases the 7; of the polymers because the
dissociated cations form strong ion-dipole interactions with ether oxygens and act as cross-linkers
[27]. The Tg values are recorded in Table 1 for XLPEO/Ni(BF4)2 and Table S1 for XLPEO/LiClO4

and XLPEO/Cu(BFa4)2.
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Figure 3. DSC curves of (a) XLPEO/LiCICN and (b) XLPEO/Ni(BF4)2. (¢) Correlation between
the Tg and salt content. The lines are the best fit using Equation 10.

The Tg ofthe metal ion-coordinated polymers can be described using an empirical equation

[44, 45]:
/7" = 1/77”,-ac (10)
where Tgp is the glass transition temperature for XLPEO (K), a is an adjustable constant, and c is
the concentration ofthe salt (kmol m"3). Fig. 3c shows that the effect ofthe salt loading on the Tg

can be satisfactorily described using this model with a value of 2.6><10"4 m3 kmol"l K"I for

15
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XLPEO/LiClO4 and 9.3x10™* m? kmol™! K-! for XLPEO/Ni(BF4).. The a value for XLPEO/LiClO4
is very close to previously reported literature values (cf. Table S2 [27, 44]). The a value for
XLPEO/LiClOs4 is lower than that for XLPEO/Ni(BF4)2, indicating that the divalent Ni*" ions are
more effective than monovalent Li" ions to cross-link XLPEO. For the limited composition range
studied here, divalent Cu?" ions affect 7; similar to (or slightly less than) Li" ions in this XLPEO.
This result also indicates that the cross-linking by the cations is more influential on the polymer

chain flexibility than the plasticization effect by the anions (which tends to decrease the 7).

3.2. Gas transport properties of supramolecular networks

Fig. 4a presents the effect of the feed pressure on pure-gas permeability in an example
XLPEO/LiClO4-17 at 35 °C. Increasing the pressure increases CO2 permeability because of the
plasticization and has a negligible effect on the permeability of Hz, N2, and CHa4 because of their
low sorption, which are typical behaviors for rubbery polymers [7, 36].

Fig. 4b presents the effect of the LiClO4 content in XLPEO on pure-gas permeability at
35 °C. XLPEO exhibits gas permeability values similar to the literature [7], while XLPEO/LiClO4
shows very peculiar permeation properties at low loadings, i.e., gas permeability increases before
decreasing with increasing the LiClO4 loading. For example, XLPEO/LiClO4-2 shows a CO2
permeability of 710 Barrer, which is 38% higher than the pure polymer (520 Barrer); by contrast,
further increase of the LiClO4 loading to 4 mass% decreases CO2 permeability to 230 Barrer
because of the increased 7grz. XLPEO/Cu(BF4)2 exhibits similar behavior of gas permeation (Fig.
4c). Introduction of 1.4 mass% Cu(BF4)2 increases the CO2 permeability 70% from 520 to 880
Barrer, and further increase of salt loading to 2.8 mass% decreases the permeability to 380 Barrer.

By contrast, the addition of the Ni(BF4)2 consistently decreases gas permeability (cf. Table 1 and
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Fig. S3a), which agrees well with its greater tendency in increasing 7g than the other two salts. For
instance, XLPEO/Ni(BF4)2-1.4 and XLPEO/Ni(BF4)2-6.4 show CO2 permeability of400 and 190
Barrer, respectively. However, the reason for the unexpected enhancement ofthe gas permeability
at low loadings is not clear, though Lit ions were reported to increase the photopolymerization rate
and conversion of 1-vinylimidazole [46]. As the permeation measurement was conducted under
vacuum or with dry gas for 5-7 days, we do not expect that there is any water vapor in the samples,
which is also validated by the consistent behavior for all gases. Furthermore, if water vapor plays
an important role, the samples with higher salt content are expected to be more hygroscopic and
more susceptible to sorbed water. However, adding 21 mass% Ni(BF4)2 decreases CO2
permeability from 520 to 5.9 Barrer, which suggests the absence ofthe water in the samples. More
importantly, similar behavior has also been reported for MMMs containing MOFs [12] and MOPs
[38], though no clear explanation was provided. Polymer dynamics are also studied and presented
in Section 3.4 (Dynamics of supramolecular structures) to further elucidate the effect of salt

loading.
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(c) 1000

Figure 4. Pure-gas transport properties in XLPEO/salt at 35 °C. (a) Effect ofthe feed gas pressure
on gas permeability in XLPEO/LiC104-17. Gas permeability as a function ofthe salt loading for
(b) XLPEO/LiCICU and (¢) XLPEO/Cu(BF4)2. (d) Effect of the LiC104 loading on CCE/gas
selectivity in XLPEO at 50 psig.

Fig. 4d shows that increasing the LiC104 content decreases CO2/N2 and CO2/H2 selectivity
and increases CO2/CHas selectivity. Similarly, increasing Ni(BF4)2 loading decreases CO2/N2 and
CO2/H2 selectivity. However, the CO2/CHas selectivity of XLPEO/Ni(BF4)2 is independent of'the
Ni(BF4)2 content (Fig. S3b). Fig. S3c shows that the Cu(BF4)2 content does not affect the C02/gas
selectivity, probably because ofthe small composition change.

To further understand the effect of'the salt content on gas transport properties, CO2 and
C2Hs sorption isotherms were determined at 35 °C and displayed in Fig. 5a,b for XLPEO/LiCICU
and Fig. S4a,b,c for XLPEO/Ni(BF4)2. The sorption of H2, N2 and CH4 in the samples is too low
to detect using our apparatus. Therefore, C2H5 is used as a surrogate because it is more condensable
and has higher sorption than H2, N2, and CH4. More importantly, similar to H2, N2, and CH4, C2Hs

has no special interaction with the salts and polymer in this study. CO2 and C2H; sorption isotherms

are linear, following Henry’s law due to the rubbery nature ofthe samples [36].
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Figure 5. Pure-gas sorption and diffusion in XLPEO/salt at 35 °C. Effect ofthe LiCICk loading on
(a) CO2 sorption isotherms, (b) C2Hs sorption isotherms, and (c) CO2 and C2FLs solubility and
CO2/C2Hs solubility selectivity of XLPEO/LiCICU. (d) CO2 diffusivity in XLPEO/LiC104 and
XLPEO/Ni(BF4)2 as a function of'the salt content.

CO2 and C2ELs solubility at 35 °C was calculated using Equation 5, and the results are
shown in Fig. 5c and recorded in Table S3. Low salt loadings (1.4 to 2 mass%) for
XLPEO/Cu(BF4)2 and XLPEO/LiCICN cause no change (within error) in C2Hs solubility and for
XLPEO/Cu(BF4)2 no change in COz2 solubility. This result is in contrast to all loadings of Ni(BF4)2

and higher loadings of LiCICk, which significantly decrease CO:2 and C2FLs solubility

monotonically and similarly for both salts. For example, as LiCICk loading increases to 29 mass%
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in XLPEO, CO:z solubility decreases from 1.6 to 0.76 cm*(STP) cm ™ atm ™!, and C2Hs solubility
decreases from 0.56 t0 0.21 cm*(STP) cm > atm . The introduced metal ions coordinate with ether
oxygens in XLPEQ, lowering the free volume (as indicated by the increased 7%) and lessening the
affinity of the ether oxygens towards CO2. The 7 results in Fig. 3¢ might suggest that Ni%**
coordination would be more effective in lowering solubility (than Li"), but this trend is not
observed. The decreased CO2 and C:Hs solubility with increasing salt content is attributed to
decreased free volume in the networks (cf. Fig. S4d). Moreover, increasing the salt content
increases the CO2/C2Hs solubility selectivity for both XLPEO/LiClO4 and XLPEO/Ni(BF4)z,
presumably because C2Hs has a larger critical volume (148.3 cm®/mol) than COz2 (93.9 cm®/mol),
and its sorption can be more severely restricted by the decreased free volume.

The CO2 and C2Hs diffusion coefficient is calculated using Equation 6, and the results are
shown in Fig. 5d and Table S3. Low salt loadings (1.4 to 2 mass%) for XLPEO/Cu(BF4)2 and
XLPEO/LiClOs4 increase diffusivity. All salt loadings examined in XLPEO/Ni(BF4)2 and higher
salt loadings in XLPEO/LiClO4 decrease diffusivity. The diffusivity decrease is attributed to the
decreased chain flexibility (as indicated by the increased 7g) and free volume of the supramolecular

networks (as indicated by the PALS results in XLPEO/LiClO4).

3.3. Modeling of gas transport properties of supramolecular networks
Gas diffusion in polymeric materials can be described using the free volume model [47-
49]:
= _Ba
Dy = Dyoexp ( FFV) (11)
where Da,01s a front factor, B4 depends on the penetrant size, and 7V is the fractional free volume

of the polymers. The FFV is defined as follows:
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Fry =L

=1-ply (12)
where Jis the specific volume at 7, and Vs is the occupied volume at O K estimated as 1.3 times
of the van der Waals volume. For rubbery polymers, FF} can be estimated using Equation 13 [4,
48, 50]:

FFV = FFV(T,) + a,(T — T,) (13)
where FFV(Tg) is the apparent FFV at Tg, and o is the expansion coefficient of the polymer. For
the XLPEO samples, the FF'V(T,) was estimated to be 0.055, and o is 8.4 x 107+ K™ [4, 48, 50].

Combining Equations 11 and 13 yields the 7g-integrated free volume model:

_ —Ba/ar
4 = Daveny (s yiesiry) 4

This equation has the same form as the Vogel -Tammann-Fulcher (VTF) equation, which
has been used to describe the transport of ions in rubbery polymers. Thus, B4/ar is related to the
activation energy for diffusion (i.e., £Ep4/R = Ba/ar), and FF V(Tg) /a, is the deviation (=50 K) of
the determined 7, from the ideal 7¢ [S1]. This model is also expected to describe the effect of
anions on the gas diffusivity, particularly when their effect on the 7% is incorporated in Equation
10.

Equation 14 has been used to describe COz diffusivity in XLPEO prepared from PEGDA
and PEGMEA at various compositions and temperatures [4, 48], as shown in Fig. 6a. The curve is
the best fit based on the PEGDA-co-PEGMEA with the D0 value of 5.5x107 cm?/s, Ep.4 value of
11 kJ/mol (Table S4), and FFV(T,)/a, value of 50 K. Interestingly, the COz diffusivity in
XLPEO/LiClO4 can be well described by the model, which is remarkable considering no
adjustable parameters are used. On the other hand, the model underestimates the COz diffusivity

in XLPEO/Ni(BF4)2, which might be related to the additional d-spacing (9.8 A) from the
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395  complexes. The XLPEO/Ni(BF4)2 behaves as a stronger (or less fragile, less coupled) system than

396 XLPEO/L1C104 [52].
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398  Figure 6. (a) CO2 diffusivity as a function of (7- Tg) using Equation 14, where Tis 308 K. Pure-
399  gas permeability of (b) N2, (¢c) H2, and (d) CEB as a function of (7- Tg) at 35 °C based on Equation

400 15.
401

402 For light gases such as N2, Fh, and CHs4, gas solubility in polymers is assumed to be

403 independent of'the free volumes, and therefore, Equation 14 can be written as:

404 P4 — PA,0exP

Ba/&r
FFV(Tg)/ar+(T-Tg).
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where P4 is an adjustable constant independent ofthe composition of XLPEO/salt. This approach
has been adopted previously to correlate light gas permeability and Tg in PEGDA-coPEGMEA
[48], as shown by the curves in Fig. 6b,c,d. Similar to CO2 diffusivity, the permeability of light
gases can be satisfactorily modeled for XLPEO/LiCICN and XLPEO/Cu(BF4)2, but it is
underestimated for XLPEO/Ni(BF4)2. The parameters of Paym and Ep4 are also recorded in Table

S4.

3.4. Dynamics of supramolecular structures

To elucidate the surprising effect ofthe low loadings ofLiCICk and Cu(BF4)2 on improving
gas diffusivity, dielectric measurements were conducted for XLPEO/LiCICN and
XLPEO/Cu(BF4)2. Fig. 7a,b presents the derivative spectra of the XLPEO/LiCICN with salt
concentrations from 0.1 mass% to 4 mass% and the XLPEO/Cu(BF4)2 with salt concentrations of
1.4, 2.8, and 4.2 mass%. For polymer electrolytes with high ionic conductivity, the segmental

relaxation process is often shielded and not easy to detect [53]. To suppress the influence of the

de-conductivity, derivative spectra analysis is adopted with fder(od) = — [54].
XLPEOILICIO.
lonic mode
lonic mode
100
2.8%
4.2%
1.4%
co (rad/s) co (rad/s)

Figure 7. The dielectric derivative spectra, = — i, of (a) XLPEO/LiC104 and (b)
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XLPEO/Cu(BF4)2. The characteristic peak frequencies of the ionic modes of XLPEO/LiClO4
depend strongly on the salt concentration. A non-monotonic shift of the peak position was observed,
where the fastest ionic mode takes place at a salt concentration of = 2 mass%. For
XLPEO/Cu(BF4), the ionic peak exhibits smaller dependence on the salt concentration.

In XLPEO/LiClOs4, only ionic modes were observed that have a characteristic time, 7. The
structural relaxations of XLPEO/LiClO4 are not detectable due to the high ionic conductivity and
the high cross-linking density of the XLPEO matrix. For PEQ/Li" polymer electrolytes, however,
the ionic conductivity is known to couple with the segmental relaxation of the polymer [S5].
Therefore, one can obtain the relative relationship of the structural relaxation time of
XLPEO/LiClOs4 of different salt loadings from the relaxation times of the ion motions. Interestingly,
the ionic conductivities of XLPEO/LiClO4 exhibit a non-monotonic change with the salt
concentration with temperature. Below 2 mass%, the 1onic relaxation time decreases dramatically
with the increment of the loading. For instance, the ionic relaxation time of XLPEO/LiClO4 at
room temperature is around 8x10° s at 0.1 mass% salt loading that speeds up about 100 times to
8x10® s at 2 mass% salt loading. An increase in the salt concentration from 2 to 4 mass% does not
lead to a further enhancement in dynamics but offers two times slowing down in the ionic
relaxation. Note that the dramatic speeding up in dynamics at T = 293 K is not anticipated given
the steady increase in 7y of XLPEO/LiClO4 with salt content.

To understand the speed up in structural dynamics for XLPEO/LiClO4 electrolytes, we
analyze the temperature dependence of 7; for the four XLPEO/LiClO4 compositions. As shown in
the inset of Fig. 7a, the fastest relaxation is measured for XLPEO/LiClO4 with 2 mass% salt
concentrations over the temperature range from 315 K down to temperatures approaching 7. Only
at the highest temperature close to 23 °C, do the 2 mass% and 4 mass% materials exhibit similarly

fast dynamics, pointing to a salt-solvation induced plasticization effect on the polymer dynamics.
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The increase in salt solvation upon heating up has been well-documented in polymer electrolytes,
as evidenced by a higher free-ion concentration at a higher temperature [56]. Fast dynamic
behavior has been observed in XLPEO/Cu(BF4)2, although only a mild speeding up (~1.2-1.5
times) in dynamics was observed for XLPEO/Cu(BF4): from 1.4 mass% to 2.8 mass% salt loading.
Again, as shown in the inset of Fig. 7b, the fastest relaxation is measured for XLPEO/Cu(BF4)2
with 2.8 mass% salt concentration over the temperature range from 273 K down to temperatures
approaching 7g, and only at the higher temperatures do the materials exhibit similarly fast
dynamics. The mildness of the speeding up in dynamics in XLPEO/Cu(BF4)2 may be due to the
nature of the interaction between Cu?" and the XLPEO matrix.

The non-monotonic changes in ionic relaxation rates at low salt loadings are most likely
linked to the non-monotonic changes of the gas transport properties (the single-gas permeability)
of XLPEO/LiClO4 and XLPEO/Cu(BF4). Polymer dynamics as well as gas and ion transport
properties in polymers are linked to the accessible static and dynamic free volume [57, 58].
Variables known to affect polymer dynamics and free volume include polymer architecture,
crystallinity, plasticization, antiplasticization, moisture and solvent absorption, additives,
crosslinking, strain, molecular weight, temperature, and pressure [58]. In this study, the metal ion-
polymer interaction is the critical variable that allows assessment of the effects of this interaction
on free volume, dynamics, and gas transport. The three salts are shown to complex the polymer
ether oxygens based on FTIR and 7; results, and for the most part, the effects of salt dissolution
and complexation are additive with salt content. The glass transition results (Fig. 3¢) indicate that
Ni?" is a more effective cross-linker than Li*, which behaves similar to Cu?* at the concentrations
studied here. The PALS results indicate that low levels of LiClO4 (2 mass%) and Cu(BF4)2 (1.4

mass%) have little effect on the free volume element size, and in the case of Cu(BF4)2 (2.8 and 4.2
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mass%) increase the free volume element size.

4, Conclusion

We demonstrate that XLPEO can be coordinated by metal cations such as Li*, Ni?*, and
Cu?" to form amorphous supramolecular networks. The cation coordination increases 7, and
decreases gas diffusivity and permeability at high salt loadings. Surprisingly, the low loading of
LiClO4 and Cu(BF4)2 (2 mass% or less) can increase the gas permeability as high as 70% and has
no impact on the COz2/gas selectivity. By contrast, increasing the Ni(BF4)2 content consistently
decreases the gas permeability. Increasing the salt content decreases both CO2 and C2Hs solubility
but increases CO2/C2He solubility selectivity. Gas diffusivity and permeability of XLPEO/LiClO4
and XLPEO/Cu(BF4)2 are successfully modeled as a function of 7 of the supramolecular networks
using a 7g-integrated free volume model (with the same form as the VTF equation) without
adjustable parameters, while the model underpredicts gas diffusivity and permeability of
XLPEO/Ni(BF4)2 suggesting that Ni?" complexation of XLPEO leads to a less fragile, more highly
decoupled system. The PALS free volume element sizes are additive or larger than predicted by
additivity for low salt loadings in XLPEO/LiClO4 and XLPEO/Cu(BF4)2. The salt loading also has
a non-monotonic influence on the polymer dynamics in dielectric measurements, validating the
unexpected effect on the gas transport properties. These results can be useful in designing MMMs
for superior gas separation properties and may also benefit developments in solid polymer

electrolytes and corrosion protective coatings.
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